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Abstract: In this work, a model of an energy system based on photovoltaics as the main energy
source and a hybrid energy storage consisting of a short-term lithium-ion battery and hydrogen as the
long-term storage facility is presented. The electrical and the heat energy circuits and resulting flows
have been modelled. Therefore, the waste heat produced by the electrolyser and the fuel cell have
been considered and a heat pump was considered to cover the residual heat demand. The model
is designed for the analysis of a whole year energy flow by using a time series of loads, weather
and heat profile as input. This paper provides the main set of equations to derive the component
properties and describes the implementation into MATLAB/Simulink. The novel model was created
for an energy flow simulation over one year. The results of the simulation have been verified by
comparing them with well-established simulation results from HOMER Energy. It turns out that the
novel model is well suited for the analysis of the dynamic system behaviour. Moreover, different
characteristics to achieve an energy balance, an ideal dimensioning for the particular use case and
further research possibilities of hydrogen use in the residential sector are covered by the novel model.
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https:/ /doi.org/10.3390/en15062201 Due to the rapidly increasing global warming issues caused by the emission of green-
house gases into the atmosphere from burning oil, gas and coal, there is a need for alterna-
tive technologies to satisfy the world’s energy demand, with the focus now being shifted
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with low photovoltaic (PV) generation. This leads to the necessity of long-term energy
storage systems such as hydrogen, which are charged during the summer by usage of high
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in Germany: An increase in the share of renewable energy with grid connection implies
further investment from grid operators in additional transmission and distribution capacity
as well as in grid stabilising measures [8]. Since the implementation of such measures is
very time consuming, short-term solutions are preferable.

With the increase of renewable energy share, a transition from a predominantly cen-
tralised to a decentralised energy supply is performed [9]. Not only decentralised pro-
duction but also decentralised long-term energy storage should be considered to reduce
the necessity of grid expansion. A degree of self-sufficiency of up to 100% by usage of
decentralised long-term storages would lead to an expansion of PV systems which are not
influenced by these constraints. However, the intermittent nature and the uncertainty of
production of RES necessitates the usage of efficient and sufficient seasonal storage systems
in order to store the overproduction for use during periods of low energy production [10].
Hydrogen is especially well suited for long-term energy storage due to its inherent high
energy density and its long lifetime as a storage device (compared to batteries) [11].

In literature, some research has already been carried out on this topic but with a focus
on specific partial aspects of hybrid, hydrogen-based energy systems. In [12], the authors
presented a hybrid energy system including RES as energy supply, an alkaline electrolyser,
a proton exchange membrane fuel cell (PEMFC) and a hydrogen storage. They focused on
the analysis of the system dynamics with the aim to improve self-sufficiency by reducing
grid interaction. Within that energy system a Li-ion battery and a heating system have not
been considered. Due to the lack of short-term energy storage, they used the hydrogen
storage to store the amount of hydrogen produced by the electrolyser within one day and
directly reconverted the hydrogen by usage of a fuel cell as soon as the energy production
with RES was less than the energy demand. In [13], a Simulink model of an energy system
consisting of a PV system, a PEM electrolyser and a hydrogen storage system has been
presented. The model was created for the analysis of system dynamics and was therefore
used for short-term analysis. It also did not consider a fuel cell and real load profiles. In [14],
the authors compared different meta-heuristic methods to optimally design an isolated
hydrogen-based microgrid. The model was good enough for energy evaluation. However,
the model also did not consider short-term energy storage, which is important in terms
of dealing with rapid load peaks for ensuring a high degree of self-sufficiency. In [15], a
hydrogen-based energy system model created in Simulink was presented. The authors used
a time horizon of 24 h with focus on the power management system and the control system.
They analysed the suitability of a hydrogen-based energy system consisting of hydrogen as
the only energy storage type for stand-alone systems. However, the load profile did not
contain rapid peaks which should not be covered by a fuel cell in terms of lifetime [16]. In
none of the literature found, with focus on hybrid, hydrogen-based energy systems, were
the heating sector and thus the overall energy demand of a household considered. When
dealing with the attempt to increase the self-sufficiency of a household, the heating system
plays an important role, especially in terms of stand-alone systems which shall be fully
supplied by RES. An energy system model including a hybrid energy storage consisting of
a Li-ion battery and hydrogen has hardly been considered so far.

Within this paper, a model of a decentralised energy system whose energy demand
is mainly covered via photovoltaics even during winter by including sufficient storage
facilities is presented. The aim is to minimise the grid load by achieving low or even zero
grid interaction, which is realised by the use of decentralised long-term energy storage.
The model consists of an electrolyser, which produces hydrogen in case of PV overproduc-
tion (overproduction = present PV generation—autoconsumption), and the hydrogen is
subsequently stored in a hydrogen tank via a compressor. If the energy demand exceeds
the energy provided by the PV system, a fuel cell is used for reconversion of hydrogen.
To guarantee fast reactions to rapid load changes and to avoid comparatively high energy
losses that arise when only using hydrogen as a storage medium, the system has to be
extended by a short-term lithium-ion battery. Such a system can provide autonomy for
electricity over the whole year.
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The model was created in Matlab/Simulink [17] and was designed for the analysis
of real data series over an entire year with a time resolution of 15 min. A representative
dataset recorded in Switzerland in 2012 was used as the household load profile [18]. The
load profile originally had a time resolution of one second which was converted to a time
resolution of 15 min by averaging the values. The irradiance and temperature profile have
been granted by the Deutscher Wetterdienst (DWD) with a time resolution of one hour [19].
The data used were recorded in 2015 in Wuerzburg (Germany). The given resolution was
converted to a time resolution of 15 min using linear interpolation. As the heating system
was also considered, a synthetic heat demand profile was generated using the reference
load profiles from the VDI 4655 standard [20]. Using the temperature profile for 2015 and
an Excel tool created by Hessen [21], which uses the reference load profiles from the VDI
6455 standard, a heating demand profile with a 15 min time resolution was generated.

This work shows the development of a model that has been designed to analyse the
possibilities of a household system fully powered by a PV system considering hybrid energy
storage composed of a lithium-ion battery and hydrogen. The focus of the research is based
on the analysis of the kind and size of components required under different scenarios and
an analysis as to what extent and under which conditions such a system is price-competitive
with a conventional energy supply. The impact of different operating modes on the overall
energy balance is also a subject of the investigation. Due to a time resolution of 15 min and
a total timeframe of one year, a detailed analysis of the energy flows which is based on real
data rather than synthetic profiles is possible.

The paper is organised as followed: Section 2 introduces the architecture of the entire
energy system, Section 3 describes the model components mathematically and graphically
and Section 4 specifies the configuration of the components used for the test case. In
Section 5, the Simulink model is verified and compared to the results delivered by HOMER
Energy Simulation [22] for the same system dimensioning and finally Section 6 concludes
the findings.

2. Input Data

Figure 1 shows the weather data used as input for the simulation. The trend of the
ambient temperature and the wind speed is shown in Figure 1 (left). The data have been
averaged for every day within the applied time period to achieve a better visualisation of the
trend. The temperature curve has an arithmetic mean of 11.07 °C and a standard deviation
of 7.44. The wind speed trend is used for calculation of the probable cell temperature of the
PV modules to achieve more realistic PV energy yields. The wind speed has an arithmetic
mean of 3.26 ' and a standard deviation of 1.76. The curve of the global horizontal
irradiance is shown in Figure 1 (right). The curve shows an irradiance value for every day,
which was achieved by calculating the arithmetic mean of all sunshine hours within the
specific day.

Average temperature per day

Average Irradiance Global Average Irradiance Diffuse

Figure 1. Input temperature and wind speed data (daily averaged values) (left) and input global and
diffuse irradiance (daily averaged values) (right).
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Heating demand (kwh)

The heating demand depends on the actual ambient temperature within the time
stamp. The heating demand curve of the whole year can be seen in Figure 2 (left). As can
be seen in the figure, the heating demand is between 26.72 kWh per day (commonly during
winter period) and 0 kWh (during summer period). The electrical load profile used for
the simulation (Figure 2 (right)) has a base load of around 100 W, an arithmetic mean of
268.96 W and a standard deviation of 119.85. The base load is evident from time periods in
which the residents were on holiday.
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Figure 2. Input heat demand profile (left) and electrical load curve (right) over one year.

3. System Architecture and Control System

Within this section, the hybrid energy system, the functions of the individual com-
ponents and the control procedure are qualitatively described. The core elements of the
energy system model are a fuel cell (FC), an electrolyser, a lithium-ion battery, a hydrogen
storage tank and a PV system.

Figure 3 shows the architecture of the proposed energy system. The PV system serves
as the main energy source. With an inverter, the produced solar energy can directly be
used for the electrical loads in the household (direct consumption). The surplus energy
is stored in the lithium-ion battery by passing a DC/DC converter as a charge controller,
and the energy is transferred back to the household grid via an inverter in case of less
energy production than demand. If the lithium-ion battery is fully charged and the solar
energy still exceeds the electricity demand, the electrolyser is switched on and hydrogen
is produced by the surplus energy. After passing a compressor, the hydrogen is stored
inside the hydrogen tank. In case of high electricity demand in combination with low
energy production and an empty lithium-ion battery, the fuel cell is switched on. The
fuel cell operates at constant power and acts as an electricity supplier for electrical loads.
Since only the lithium-ion battery can deal with load peaks, the fuel cell switches on even
before the lithium-ion battery is completely empty. So, the lithium-ion battery works
as a buffer and is also charged by the residual energy delivered by the fuel cell in case
of lower energy consumption than is delivered by the fuel cell and as long as the state
of charge (SoC) of the lithium-ion battery does not reach a predefined state. A simple
control algorithm via Simulink chart is used to control the energy flow. Figure 4 shows the
input and output parameters that are involved in the control algorithm, which has been
qualitatively described before.
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Figure 3. System architecture of the household energy system (image sources: [23]).
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Figure 4. Input and output parameters for the control algorithm realised in Simulink chart.

To profit from the waste heat produced by the fuel cell and the electrolyser, heat
exchangers are employed which extract the heat and transfer it to the hot water tank. The
residual heat demand is covered by a heat pump. The waste heat of the compressor has
not been considered because the usable heat is comparatively small and real hydrogen
compressors with waste heat utilisation have not been found.

4. Description of the Partial Models

Within this chapter, the mathematical models and the implementation in Matlab/Simulink
are described. The Matlab/Simulink version R2021b has been used. Therefore, the compo-
nents are considered individually.
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4.1. PV System Model

The PV system functions as the main energy source. The model proposed in this study
is based on the model of Bellini [24]. The irradiance, the ambient temperature and the wind
speed are used as input parameters while the PV current and PV voltage are received as
output (Figure 5).

T i

G [Wim?|

2

Irrandience G

Imp ‘ X
o R
N\

Tamb

w

>0

wind speed cell temperature

G Voc »
Tamb  Teell ¢ Tc[°C) +
Vmpf——®—®{ x E

calculation Cell parameters

Figure 5. Simulink model of the PV system (own figure based on [25]).

The PV cell current I, depends on the PV output voltage as well as the two parameters
Kj and Kj. The following mathematical equations are used [24]:

I, = Isc [1 —K; (e(Vy/(KrVoc)) _ 1)} 1)
Ivp\ (— 42 s)
Ki=(1—22)e &Yoo )
Isc

, = ((Vmp/Voc) 1)
In(1— (Imp/Isc))
The parameters K; and K; are changing with irradiance and temperature. The formu-
las for the temperature dependency are given below:

®)

Isc(G, T;) = ISCS'GES'[l +a(Te — Ts)] Voc(Tc) = Vocs (1 + B(Tc — Ts)] 4)

Imp(G, Te) = IMPS'GES'[l +a(Te = Ts))Vmp(Te) = Vimps[1 + B(Te — Ts)] ®)

The parameters Isc, Inp, Voc and Vyp are listed in the datasheet of the used PV
modules and are defined for the standard test conditions (G; = 1000%, Ts = 298.15K) [25].
The values for G and T; represent the actual irradiance and cell temperature and « and
B are the specific temperature coefficients for the current and the voltage which are also
specified in the data sheet.

The actual cell temperature T, (K) can be calculated by the ambient temperature

Ta (K), the actual irradiance G (%) , the wind speed w () and the coefficient k, (approx.

1.542% for monocrystalline [26]) using the following formula [27]:

m2K
T. =093-T, + O.OSlW-G —krw+36K (6)

In this study, the current at Maximum Power Point (MPP) Iy;p(G, T¢) and the voltage
at MPP Vjp(T,) are taken as the output current and voltage for the used PV system. The
cell parameters block was modified so that the parameters for a whole PV system instead
of one single PV module were calculated. Therefore, the temperature-dependent voltage
was multiplied by the modules in series within one string and the current was multiplied
by the number of parallel strings.
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Two PV systems were integrated into the energy system in order to offer the possibility
of integrating two different irradiation profiles based on different orientations (Figure 6).
This enables the implementation of a split east-west-oriented PV system within the model.
The DC/DC converters bring the voltage of the PV system to the nominal voltage of the
electrolyser. The current and the power of the PV system are reduced by an efficiency
parameter that considers factors such as module pollution and conduction losses.

NominalVoltage_Electroyser

T_amb I_PV ly
T_amb
Irradiance V_PV Vy  |_out 0
Irradiance1 ‘
»|WindSpeed  P_PV b, v_out
WindSpeed | PV
PV-System 1 DC/DC-Converter1 + =
. Efficiency_Losses_PV/100
T_amb I_PV P ly
P Irradiance V_PV > Vy o Lout | P_PV
Irradiance2 \ ;
x |- Efficiency_Losses_PV/100
| WindSpeed  P_PV b V_out S
V_PV
PV-System 2 (optional) DC/DC-Converter2 ‘ @

Figure 6. Layout of PV system in Simulink.

4.2. Electrolyser Model

An electrolyser is used to split water molecules into hydrogen and oxygen by using an
electrical current [28]. Therefore, the electrolyser converts electrical energy into chemical
energy stored in hydrogen [13]. Usually, several electrolyser cells are stacked together
by connection in series. For this household model, a Proton Exchange Membrane (PEM)
electrolyser is used due to several advantages such as smaller dimension and mass, lower
operating temperatures and lower power consumption [29]. PEM electrolysers have the
intrinsic ability to cope with transient electrical power variations (especially important
when fed by fluctuating renewable energies as in the designated use case) [30]. Moreover,
they provide a high degree of purity of gases and the potential to compress hydrogen at a
higher pressure within the unit and with a higher safety level [30].

The electrolysis characteristics of a single PEM electrolysis cell can mathematically be
described as follows [31]:

V(T,p) = ereo(T, p) = ereo(T, p)e 925 + [-Ri(T, p) )
The formula for a complete stack is given by [32]:

V(T,p) = -=Ri(T, p) + nsereo(T, p) ®)
P

with 75 as the number of cells in series and 1, as the cells in parallel, respectively. The
reversible potential e, (T, p) and the PEM cell resistance R;(T, p) are temperature- and
pressure-dependent [31]:

B R(Q7315K+T), [ p
erev(T/ P) = €revy T Tln <pO) )
Ri(T,p) = R, +k~zn<;’> +dRy(T — Tp) (10)
0

where R is the universal gas constant, T is the temperature inside the electrolyser, F is the
Faraday constant, p and py are the working pressure, and the ambient pressure, respectively
and k is the derived curve-fitting parameter (k = 0.0395 VA1)
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The production rate of hydrogen can be calculated according to Faraday’s law. The
production rate of hydrogen inside an electrolyser cell is directly proportional to the transfer
rate of electrons at the electrodes [28]. This is equivalent to the electrical current in the
circuit. The formula for the hydrogen production rate is [26,29]:

3 .N.-1 3
UH2<rr;> — Om X with vm<m>

2F mol
where v, is the molar volume, N, is the number of cells in series and I is the actual current
towards the electrolyser. Figure 7 shows the electrolyser model implemented in Simulink
which is based on the work of Albarghot and Beainy but is partially modified [13,29].

_ R(27315K+T)
p

(11)
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Figure 7. Simulink model of the electrolyser (own figure based on [13,29]).

4.3. Hydrogen Storage Model including Compressor

The hydrogen storage is used to store the hydrogen produced by an electrolyser which
can then be used in the fuel cell to regenerate electricity. The hydrogen produced by the
electrolyser needs to be stored to power the fuel cell to ensure electricity supply at times
with low incoming PV energy. There are different types of hydrogen storage possibilities,
which have different advantages and disadvantages. The fitness of the options depends
on the intended purpose of hydrogen storage. There are four main hydrogen storage
options [33]:

Compressed hydrogen;

Liquid hydrogen;

Liquid Organic Hydrogen Carrier (LOHC);
Metal hydride hydrogen storage.

Metal hydride hydrogen storage has the advantage of having high energy density
and high safety due to storage by near normal pressure [34,35]. Disadvantages are high
material costs and the requirement of heat for the release of hydrogen out of the metal
hydride storage. Rudow [34] calculated a required temperature of 303.8 °C for releasing
the hydrogen out of magnesium hydride storage. Due to the fact that the hydrogen release
typically occurs during winter time in which low energy via PV is available, usage of
this hydrogen storage option is not sensible. In the case of LOHC, a high temperature
is also necessary to release the bound hydrogen and is therefore also unsuitable for the
designated use case [36]. The usage of liquid hydrogen storage options typically is useful
in applications with limited space. For liquid hydrogen storage, the hydrogen first has to
be cooled down to 20 Kelvin which requires around 12 kWh per kg hydrogen (approx. 36%
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of the total H energy content) [33] and is therefore also not suitable for the designated use
case in which energy must be used sparingly.

Compressed hydrogen, on the other hand, is characterised by a lower energy require-
ment than other options. When compressing from 10 bar to 500 bar, for example, approx.
4 kWh per kg of hydrogen is required, which corresponds to around 12% of the H; energy
content and is therefore significantly less than the energy required for storage as liquid
hydrogen [34]. However, compressed hydrogen requires more space, which, however,
does not have such a high importance due to the stationary application. Therefore, the
compressed hydrogen option has been used in this particular use case.

Prior to the storage, the hydrogen has to be compressed from an electrolyser output
pressure of around 1 bar up to 300 bar to reach a higher storage capacity. The system
dynamics of the hydrogen storage can be described by the following formulas [28]:

Ni,RT, P,V
P, — P = 2 = Ny = . 12
by — Ppi = 2 My, Vs z RT, VH2 UH2'OH2 (12)

where P, (Pa) is the actual tank pressure, Py; (Pa) is the initial tank pressure, R is the
universal gas constant, T;, (K) is the operating temperature, V5 (m?) is the tank volume, z
is the compressibility factor, N, (kg/s) is the flow rate of the produced hydrogen, Mg,
(kg/mol) is the molar mass of hydrogen and Vj, (m3/mol) is the molar volume.

The formula is used to calculate the tank pressure using the ratio of hydrogen flow to
the tank [28]. The implementation of the formulas can be seen in Figure 8. The blue marked
part calculates the pressure loss of the storage tank caused by the hydrogen demand
of the fuel cell. The power required for the compression of hydrogen is calculated as
follows [37,38]:

xk—1
K . ] x
Pel,comp = Tlel‘ﬂcomp‘m‘minlet'Rj'Tl ((;) - 1) (13)

where #,; and #j¢omp are the electrical and compressor efficiency, ;¢ (kg/s) is the flow
rate of H towards the compressor, R; is the specific gas constant (for H, : 4124.2]/ (kg-K)),
Ty (K) is the temperature of Hj at entrance, « is the heat capacity ratio (for H ~ 1.4) and
p1 (Pa) and p; (Pa) are the pressures before and after the compression.

Hydrogen required for the FC

Hydrogen outlet lowards FC
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Overall produced
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Mass flow high pressure [kg/s]
o o o resurs W
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g/
Density of Hydrogen (H2)

H2_Tank_Pressure

Compressor

Electrolyser T

Tat0°c

273.15

SOC_Hydrogen

Pressure Max1

volume

Figure 8. Simulink model of hydrogen storage including a compressor (own figure based on [13]).

4.4. Lithium-Ion Battery Model

The lithium-ion battery is the main storage for short-term electrical power demand.
Generated surplus energy of the PV system is stored there as long as the upper charge limit
is not reached. If the upper charge limit is reached, the remaining surplus energy of the
PV system is used for the production of hydrogen. Surplus energy produced by the fuel
cell which is not used to cover the actual household energy demand is also stored in the
lithium-ion battery as long as the predefined SoC from which the fuel cell is turned off is
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not reached. The stored energy is used to cover the energy demand within time periods of
insufficient PV supply (such as during night time, cloud cover or very high energy demand)
and during occurrence of rapid load changes during periods of time where the fuel cell is
activated. Since the lithium-ion battery has less storage capacity than the hydrogen tank, it
is therefore only used for short-term energy demand. The key parameter which has to be
considered for energy autonomous operation is the maximum energy provided during the
considered time period. This parameter depends on household’s electrical loads and the
energy usage preferences of the fitted household.

Fuel cells are often used in combination with electric energy storage systems which can
supply electrical loads [39]. As fuel cells are often operating constantly and cannot switch
the output power as fast as load peaks appear in the load profile, the electrical storage is
used as a backup due to the faster ramp time. In this study, a lithium-ion battery model
which already existed in Simulink as part of the model Microgrid-EMS-Optimization [40]
was used and has been modified to fit into the household system type (Figure 9). The
lithium-ion battery SoC is limited by an upper and a lower limit, which was set to 80%
respectively 20% in this particular case. This may be modified according to the desired
lifetime and usable capacity. The rated power which can be delivered from and transferred
into the storage is restricted by the rated power P, 4 given in the datasheet. With a simple
control algorithm, the amount of energy into and out of the storage is calculated. If the PV
system is producing more energy than is actually needed for covering the load demand,
the residual energy is delivered to the lithium-ion battery but is restricted by the rated
power. In case of a larger energy demand than that produced by the PV system, the stored
energy covers the additional electricity demand. If the SoC is close to the lower limit, the
fuel cell is switched on. In this case, the storage is charged by the residual energy which is
not required for covering the load. The fuel cell is switched off if the SoC reaches 37.5 %.

Mode_Li_lon
= SoC (%)
Mode Stored Energy
» D Calculation (%)
m < Measurements
n N P_Storage
:
ol R I
.—’.1 P_Storage »( 2
SR P_Storage O
Mode_Li_lon >0 > /— Pin 4»@ P_Storage
IE] g ! Power Limits Charge Limits

Figure 9. Simulink model of the lithium-ion battery (own figure based on [40]).

4.5. Fuel Cell Model

As the fuel cell model, a modified Simulink fuel cell stack is used [41]. This fuel cell
stack calculates the output voltage in dependency on a given cell current and hydrogen flow
rate which is by itself dependent on the current. The output of the block is the respective
voltage which depends on the current and other internal performance factors. A heat
exchanger is added to the model due to the relatively high amount of waste heat produced
inside the fuel cell. The amount of waste heat produced is calculated by a formula described
in Section 4.6.

4.6. Heat Model

Heat represents the largest amount of energy needed in a typical German household.
Since fuel cells produce a high amount of waste heat, the usage of that surplus heat is able
to increase the sustainability and efficiency of the novel system. Even during summer, there
is demand for heat (e.g., for hot water). As the amount of waste heat produced inside the
fuel cell and the electrolyser does not suffice for covering the overall heat demand, a heat
pump is considered for delivering the residual heat demand.
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The waste heat is extracted by using heat exchangers which have two separate circles,
one towards the appropriate component and the second towards the hot water storage.
Due to the decision of using a PEM fuel cell with an operating temperature of in the vicinity
of 60 °C, water can be used as a media in the circle towards the fuel cell and also for the
second circle towards the household water storage tank. The PEM electrolyser typically
operates at temperatures of around 60 °C, so water can be used as a media in both cycles.
The temperatures of the fuel cell and the electrolyser are high enough to be used for water
heating and storage since the temperature of the water storage tank should be at least
55 °C [42]. Instead of modelling the complete climatic behaviour with a highly detailed
household model including radiators in every room and the heat exchange behaviour
towards walls, which would lead to an extremely high control effort, a heat demand profile
with a heat demand given for every 15 min has been used instead.

The temperature increase of an electrolyser is calculated by the following formula [43,44]:

ir . -
Cth,StackE = QHeat,Stuck_ QLoss_ QCooling (14)
with ' '

QHeut,Stack = QHeut,Cell'NilLlls/ = (VCell - th)'ICell'NcEglng (15)
Qross = kAs+(Tpeme — Ta) (16)

. ) Tout — T;
QCooling = mstuck'cp,stuck'% (17)

l1’l PEME in
(TPEME*TMJ

where 11,0 (kg) is the mass of the stack and ¢ stack (kg%) is the specific heat. The

coolant cycle must be controlled such that the electrolyser never rises over 80 °C since
the electrolyser could be severely affected by degradation problems [45]. Therefore, a
stack temperature-dependent control mechanism is used to regulate the coolant flow rate
dependent on the actual power which is delivered towards the electrolyser (Figure 10). The
maximum and minimum coolant flow rates in dependency to the maximum and minimum
operating temperature of the electrolyser are used, which are obtained from the datasheet
of a real electrolyser.

Inside the fuel cell, a relatively high amount of heat is produced. The produced heat
can be described as the overall possible power of the electrolyser P,.,,;; minus the power
generated as electricity P,;. The formula for the heat power Pp,,; is given by [45]:

PHeat = Poveral — Pe1 = IStﬂCk'Nci(l:ls'(l'254 V- VCells) (18)
Per = Istack*Vstack = IStuck'VCells’NchlCls Poveranl = IStack'NfglCls’l-254 \4 (19)

For exchanging the heat, a counterflow heat exchanger is used, which was mathemati-
cally described by Martinez [45]. The exchanged heat power P, can be calculated by:

FC Tout - Tin
pHE = Ucoor* Acool _T. (20)
In( ZrEmrc—Tin
Tremrc— Tout

with U, as the global heat transfer coefficient (specific for the heat exchanger) and Ay,
as the coolant contact area. The output and input temperature Tpgprc from and towards
the fuel cell are assumed to be constant. Heat losses, for example due to tubing losses, were
considered by means of an efficiency parameter.
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Figure 10. Calculation of waste heat generated by the electrolyser including coolant flow rate control
and operating temperature calculation of the electrolyser (some parts based on [41-43]).

The heating energy produced within 15 min inside the fuel cell and the electrolyser
has to be calculated by summation of the heating power within 15 min using the algorithm
shown in Figure 11. The overall produced waste heat is then subtracted from the overall
heat demand of the designated energy system which is implemented by a heat demand
profile. Thereby, the remaining heat demand Q,einaining Which has to be delivered by a heat
pump is achieved (Figure 12). The energy demand Wyp within 15 min, which has to be
covered by the heat pump, is calculated by:

Whp = Qremuining/cop (21)

where COP is the Coefficient of Performance (ratio of useful heating provided to energy
required) which depends on the actual ambient temperature. The COP value is calculated
for every 15-min step within one whole year. Therefore, a table for COP values at different
ambient temperatures and a sink side temperature of 55 °C as reference is used [46].

mod_ ’_,—

1
5

average over

|[%0| <) 15 Minutes in kWh

Figure 11. Calculation of waste heat energy supplied by the heat exchanger.
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Figure 12. Calculation of residual heating demand and the required heat pump power and energy.

5. Overall Model and Dimensioning of the Components

Figure 13 shows the complete Simulink model of the household energy system. To map
the power flow, the components are interconnected and are stuck together in a subsystem
to calculate the residual power which has to be covered by the external grid. The energy
management system yields to minimise the external grid usage. Tables 1-6 show the
configurations of the specific components used within Simulink for evaluation of the
household energy system [47—49]. Real components have been used for the component
dimensioning and determination of the parameter specification. Therefore, components
have been searched for which fulfil the requirements for usage in private households and
suite for small-scale applications. The parameter settings used in the simulation are based
on the values given in the specific datasheets of the components. Suitable component
dimensioning of all energy system components to ensure 100% energy independence over
an entire year has been figured out by altering and repeating the Simulink simulation
several times.
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Figure 13. Simulink model of the overall household energy system (image sources: [50,51]).
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Table 1. PV system characteristics (Type: SMA310M-6X10DW).

PV System Characteristics Value
Maximum Power Point at STC (Pmpp) 310 Wp
Maximum Power Point Voltage (Vinpp) 333V
Maximum Power Point Current (Impp) 9.31 A
Open Circuit Voltage (Voc) 405V
Short Circuit Current (Igc) 9.81 A
Temperature Coefficient Vo —0.28%/K
Temperature Coefficient Ig¢ —0.02%/K
Number of modules in series 11
Number of parallel strings 2
Table 2. Electrolyser characteristics (Type: H-Tec S30/50).
Electrolyser Characteristics Value
Nominal hydrogen production rate 1.10 Nm?/h
Hydrogen production range 0.31-1.57 Nm3/h
Operating pressure 0-20 bar
Nominal efficiency 75%
Nominal power consumption 5.00 kW
Max. power consumption 9.38 kW
Nominal operating temperature 62°C
Current 15-75 A
Voltage max. 125 Vpc
Number of cells 50
Table 3. Li-ion battery characteristics (LVS 16.0 f. BYD).
Li-ion Battery Characteristics Value
Capacity (usable) 16 kWh
Rated power 12.8 kW
Rated peak power 184kW,5s
Efficiency 95%
Usage On/Off Grid
Ambient temperature —10°Cto 50 °C
Table 4. Fuel cell characteristics.
FC Characteristics Value
Type of Fuel Cell PEM
Rated power 1240 W
Maximum power 2000 W
Voltage at maximum performance 2423 Vat52 A
H; pressure 1.5 bar
Nominal operating temperature 55°C
Nominal efficiency 35%

Number of Cells

35
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Table 5. Household characteristics.

Household Characteristics Value
Electricity demand 2350 kWh/a
Heat demand 4000 kWh/a
Living area 160 m?
Dimensions surface area 9m X 9m
KfW efficiency 40 (g 25 g’;’g)

Table 6. Hydrogen tank characteristics.

Hydrogen Tank Characteristics Value
Maximum tank pressure 300 bar
Tank volume (at 1 bar) 5m3
Initial SoC 60%

6. Verification and Data Analysis

The validity of the energy system modelled in Simulink was analysed using a single-
family house. Therefore, the energy system was rebuilt in HOMER Energy (HE) to be
compared. HE provides a wide range of components for basic energy system modelling
with focus on energy balance and profitability analysis. To evaluate the plausibility of the
developed energy system model, the magnitudes of the energy and hydrogen generation
and the consumption are compared, respectively.

For the initial verification of the data, a PV system with rated power of 6820 kW,
(22 modules of which 11 modules were in series connection 2 parallel strings) and the
characteristics described in Table 1 was used. Wuerzburg (Germany) was employed as
the model location due to the availability of a one-year weather and irradiation profile in
hourly time resolution provided by the DWD [19]. The year 2015 was taken as the year
of interest. The elevation angle was set to 45° with a direct orientation towards the south
(azimuth angle = 0°). DWD provides global and diffuse irradiation profiles measured for
a horizontal plane only. Due to this, the irradiation profile for an inclined plane had to
be calculated first, using the formulas described by Quaschning [52]. The positioning of
the PV system was assumed as ideally, having no shadowing during the whole year. To
generate realistic data, losses due to pollution, conduction losses, etc. have been considered
by introducing an efficiency parameter, which was set to 90%.

For evaluation, the overall load of the household system for each month anda1lh
resolution for an average day within this month were recorded by running the simulation.
This profile has been taken as input profile at HE for achieving an equal load within both
models. In total, 3832 kWh has been calculated as the overall load during one year. A
6.8 kW), PV system, a 5 kW electrolyser and a 1.24 kW fuel cell have been integrated into the
HE model. With these assumptions, the Simulink model calculated PV energy production
of 7314.60 kWh for the whole year whereas HE calculated 7538 kWh.

Figure 14 shows the produced energy within each month (left bar) compared to the
energy demand for every month (right bar). From October to March, the energy produced
by the fuel cell is relatively high, while the energy required in these months is unneglectably
higher than during the summer because of the higher heating demand. The green bar
shows the surplus energy which is used in the electrolyser to produce hydrogen.
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Figure 14. Energy production (left bar) and energy consumption (right bar) calculated by Simulink
simulation for each month.

Simulink calculated that 4283.55 kWh energy was used inside the electrolyser for
production of hydrogen, which leads to 80.50 kg (equal to 895.48 m? at 1 bar, or 2.985 m3
at 300 bar) produced hydrogen within one year. In return, the fuel cell required 73.52 kg
hydrogen for production of 1009.86 kWh energy.

The compression of hydrogen required a yearly energy demand of 268.14 kWh, while
the heating demand was 1208.66 kWh. The heating demand was reduced by 643.69 kWh
by using the waste heat produced within the electrolyser and the fuel cell. At the start
of the simulation, which was set to the 1st of January, a hydrogen tank SoC of 45% by a
tank volume of 4 m? at 300 bar was assumed, which corresponds to 135 bar, as 300 bar was
considered to be 100% SoC.

HE, in contrast, calculated an energy requirement of 684 kWh delivered by the fuel
cell with a hydrogen requirement of 61.6 kg. This is much less energy than the value
calculated by Simulink, which is caused by the averaging behaviour used by HE. Within
HE, 3590 kWh energy has been used inside the electrolyser for production of 68.3 kg
hydrogen. As calculated in HE, 52.6 kWh energy was required for the production of 1 kg
hydrogen while Simulink calculated a necessity of 53.21 kWh, which is in good agreement.

Figure 15 shows that the energy produced and consumed (which has been calculated
using the same dimensioning of components within Simulink as well as HE) coincides
very well. Only the produced PV energy and fuel cell energy differ due to the fact that in
Simulink real data instead of averaged data were used.
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Figure 15. Comparison of the energy produced and consumed by Simulink and HE (in kWh/a).
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Figure 16¢ Figure 16b Figure 16a

Figure 16d

Figure 16 shows the energy flows over one year recorded by simulation. In the first
diagram, the overall energy demand (yellow curve) and the energy produced by the PV
system (blue curve) are shown. As can be seen, during the winter months the yellow curve
is more dominant since the energy demand is higher than the energy provided by the PV
system, while in summer the trend is reversed. In the second diagram, the SoC curves
of hydrogen (blue curve) and the Li-ion battery (yellow curve) are depicted. The third
diagram shows the moments of time when the electrolyser (yellow curve) and the fuel cell
(blue curve) are switched on. The last diagram contains three curves: The orange curve
represents the energy used inside the electrolyser for hydrogen production while the blue
curve displays the energy provided by the fuel cell. Finally, the yellow curve represents the
energy flow towards the Li-ion battery (negative value) and the energy supplied by the
Li-ion battery (positive value), respectively.
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Figure 16. Different curves recorded by simulation of one year using Simulink model (first diagram
(top (a)): PV power (blue) and overall load (yellow); second diagram (b): SoC of Li-ion battery
(yellow) and SoC of hydrogen storage (blue); third diagram (c): electrolyser turned on (yellow) and
fuel cell turned on (blue); fourth diagram (bottom (d)): energy provided by the fuel cell (blue), energy
used by the electrolyser (orange) and energy flow towards the Li-ion battery (negative value) and
energy supplied by the Li-ion battery (positive value) (yellow), respectively. (x-Axis: data points
(1 data point for every minute within 1 year £525, 600 data points)).

Figure 16 shows that during summer the Li-ion battery with a capacity of 16 kWh has
been sufficient to meet the energy demand (this also includes night demand). In contrast, in
winter the Li-ion battery often has a low SoC and has been mainly charged by the fuel cell.

Within the Simulink simulation, the electrolyser has been switched on 303 times with
an overall operation time of 1781.5 h while the fuel cell was switched on 168 times with an
operation time of 801.5 h during the whole year. In contrast, HE calculated an operation
time of the electrolyser of 1771 h and 43 starts of the fuel cell over one year with an operation
time of 588 h.

Figure 17 illustrates how the control system in this simulation approach works. The
figure shows a section of the week starting on 10 March and ending on 16 March. This
week includes days providing sufficient PV generation to operate the electrolyser as well
as days when the fuel cell has to be switched on to cover the remaining energy demand.
The system mode (Figure 17c) has five different stages:

e  Stage 1: Initial stage (only occurs at the beginning of the simulation);
e  Stage 2: Li-ion battery charging;



Energies 2022, 15, 2201

18 of 23

Figure 17¢c Figure 17b Figure 17a

Figure 17d

Stage 3: Li-ion battery discharging;
Stage 4: Electrolyser switched on;
Stage 5: Fuel cell switched on.

Figure 17. Simulation results for the week from 10 March to 16 March. First diagram (top (a)): PV
power (blue) and overall load (yellow); second diagram (b): SoC of Li-ion battery (yellow) and SoC
of hydrogen storage (blue); third diagram (c): electrolyser turned on (yellow) and fuel cell turned
on (blue); fourth diagram (bottom (d)): energy provided by the fuel cell (blue), energy used inside
the electrolyser (orange) and energy flow towards the Li-ion battery (negative value) and energy
supplied by the Li-ion battery (positive value) (yellow), respectively.

As can be seen in the first graph of the figure, during the sunshine hours of the first
day of the week, the PV power is significantly higher than the power of the load. First,
the Li-ion battery is fully charged up to the specified maximum SoC until late morning
(Figure 17b). The electrolyser is then switched on to produce hydrogen using surplus PV
energy. The electrolyser operates until the load exceeds the PV generation (Figure 17a). The
power supplied to the electrolyser can be seen in Figure 17d. During the evening and night
hours, the load is covered by the Li-ion battery. On the second day, the procedure is the
same. Due to high loads in the night from the second to the third day, the Li-ion battery is
discharged down to the specified minimum SoC, which causes the fuel cell to start up at
mid-morning on the third day. However, this is only in operation until the PV generation
exceeds the actual load. On the fourth day, the Li-ion battery is discharged to the specified
minimum SoC and the fuel cell is activated again. On this day, however, the FC is only
activated until the Li-ion battery is recharged to a predefined SoC of around 50%. At the
bottom part of Figure 17, the power into and out of the Li-ion battery is shown. If the Li-ion
battery is being discharged, the power P, is positive, and during charging the Li-ion
battery, the power P.,,; is negative. P, is zero as long as the electrolyser is switched on. If
the fuel cell is switched on, the power into the Li-ion battery is calculated by:

Peg = Proaa — Ppv — Prc (22)

When the heat demand of a household is covered by electricity (heat pumps), a high
impact on the load of the household is caused. Assuming future trends, the heat demand
will be increasingly covered via electricity [53], which would again lead to a burden on
the electricity grid which should be reduced within the context of the energy system
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approach. When endeavouring for energy autonomy of households, the heat demand
should be considered as is it has been done in this approach. However, taking the heat
demand into account leads to a significant increase in hydrogen storage and production
requirements. The hydrogen demand increases from 24.07 kg to 73.52 kg (205% increase)
when the heat demand of 4000 kWh/a is considered. In return, 91.07 kg hydrogen instead
of 80.50 kg hydrogen has been produced when neglecting the heat demand. In the example
presented, a well-insulated house with a correspondingly low heat demand of 4000 kWh/a
was selected. If the heat demand of the household has to be doubled to 8000 kWh/a, the
hydrogen demand would increase to 161.23 kg, which corresponds to an increase of 119%
(in comparison to a heat demand of 4000 kWh/a).

7. Conclusions

The scope of this study was to present a verified hybrid energy system model created
in Simulink which can be used to prospectively size future similar energy systems where
hydrogen in combination with a Li-ion battery shall be used as the energy storage type.
The comparison with HOMER Energy shows that the Simulink model developed calculates
realistic solutions and therefore can be used to give profound suggestions for the sizing
of such energy systems. With such a Simulink model, profitability analyses and lifetime
analyses are possible. The consideration of 365 days plays an important role in order to
make statements about the system sizing. Since the system components influence each
other, it is only possible to analyse the direct influence of different parameter variations on
the basis of such a simulation via the implementation of complex parameter studies. These
studies will be focussed in future research work.

The energy system was verified by usage of an energy balance which is typical for
a single-family house but can be individually scaled up by combining different input
datasets and appropriately adjusting the component sizing, assuming that a common
electrolyser, fuel cell and hydrogen tank are used. The simulation via Simulink showed
that the consideration of the household heat demand greatly enlarges the required amount
of decentralised stored hydrogen when aiming for an energy-independent operation.

8. Discussion

The simulation based on the presented Simulink model allows a more detailed and
meaningful analysis of energy systems due to its significantly higher resolution compared
to HOMER Energy. Due to the usually strong fluctuating load, temperature and irradiation
profiles, a simulation with a resolution of 15 min allows a more precise statement about
the suitability and sizing of various components than is possible using monthly averaged
values such as the commonly used modelling approach in HOMER Energy. The Simulink
model is therefore preferable for analysing the system behaviour. Furthermore, Simulink
enables the introduction of direct component dependencies such as the integration of the
waste heat generated by the FC and the electrolyser into the heating system and the direct
conjunction of the FC and the hydrogen storage, which are not considered in HOMER
Energy. Moreover, with Simulink, a more precise and specifically tailored control algorithm
for every component which has a significant impact on the energy balance is feasible.

By simulation using Simulink, it can be seen whether the chosen component dimen-
sioning and key parameters are suitable for guaranteeing off-grid operation. Therefore, the
input parameters can be changed according to their own energy usage preferences and the
designated location.

The simulation was performed by usage of a 15 min resolution, whereby the input
datasets had to be averaged, and, as a result, sudden rapid changes in the datasets have
been neglected. Ramp-up and start-up times of the components thereby have not been
considered, while they are neglectable in the considered time scale. A higher resolution of
the entire input data failed due to the weather and solar irradiance datasets that were only
available in hourly resolution. Therefore, input datasets with a much higher resolution
recorded by us will be involved in future research to achieve more realistic solutions.
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9. Outlook

Future research has to focus on optimising the control system and on analysing
which component dimensioning under which scenarios is preferable in terms of energy
and resource efficiency and in terms of lifetime increase. An enhancement of the control
algorithm is planned in the future to improve the lifetime of the FC by reducing the number
of starts and stops of the FC. A lifetime behaviour simulation of the complete energy system
is planned in future research which also includes degradation effects. In this context, a
profitability analysis for this kind of energy system shall also be included in future research.
Furthermore, comparison of the simulation results with a real system is planned.
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Nomenclature
General Li-ion battery
DC direct current SoC state of charge
DWD Deutscher Wetterdienst Prorm rated power of the Li-ion battery
FC fuel cell Priin,Li—Ton maximum discharge power of
HE HOMER Energy Li-ion battery
MTTF  mean time to failure Prigx,Li—Ton maximum charge power of
PEMFC proton exchange membrane fuel cell Li-ion battery
PV photovoltaic Prated power towards or out of the
RES Renewable Energy Source Li-ion battery
VDI Verein Deutscher Ingenieure
PV system Electrolyser
STC standard test conditions PEM Proton Exchange Membrane
I actual current of the PV system H, Hydrogen
Isc short circuit current V(T,p) electrolyser voltage
Imp maximum power point current ereo(T, p) reverse voltage (V)
Vy actual voltage of the PV system I electrolyser input current
Vmp maximum power point voltage Ri(T, p) initial PEM cell resistance
Voc open circuit voltage g cells in series within a stack
Iscs short circuit current under STC ny rows of cells in parallel within
Invps maximum power point current a stack
under ST
G actual irradiance €revy reference reverse voltage
(at 20 °C and 1 bar)
Gs irradiance under STC R universal gas constant
T; actual cell temperature T actual electrolyser temperature
Ts cell temperature under STC F Faraday constant
Vocs open circuit voltage under STC p working pressure inside the

electrolyser
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Vamps maximum power point voltage po ambient pressure
under STC
« Temperature coefficient of R;, reference cell resistance
the current (at 20 °C and 1 bar)
B temperature coefficient of the UH, hydrogen production rate inside the
voltage electrolyser
w wind speed Um molar volume
ky PV module technology dependent N, number of cells of the electrolyser
coefficient stack
k derived curve fitting parameter

Hydrogen storage

LOHC

by

Vp

z

Vin

PH,
Pel,comp

el

Heomp
K

minlet
R;
T
P1
p2

Liquid Organic Hydrogen Carrier

actual hydrogen tank pressure

initial hydrogen tank pressure
flow rate of the produced hydrogen

operating temperature
hydrogen storage procedure

during
molar mass of hydrogen

hydrogen tank volume
compressibility factor

molar volume

density of hydrogen

power for the compression of
hydrogen

electrical efficiency

compressor efficiency

capacity ratio

flow rate of H, towards the
compressor

specific gas constant of Hy
temperature of H, at entrance
pressures before the compression
pressures after the compression

Heat exchanger fuel cell

NFC

cells
PHeat

Povemll

Pel
IStack
VStack

il
PHE

ucool
Acool
TrEmEC
Tout

T;

number of FC cells

heat power generated in the fuel cell
stack

total power available in the fuel to-
wards the FC

electrical power output of the FC
FC stack current

FC stack voltage

FC cell voltage

exchanged heat power by the heat
exchanger

global heat transfer coefficient
coolant contact area

FC stack temperature

coolant cycle output temperature
coolant cycle input temperature

Heat exchanger electrolyser

Cth,Stack

QHeat,Stack

QLoss
QCooling

QHeat,Cell

ELY
Ncells

Veen
‘/tTl

Icen
k

As
Ta
mstack

Cp,stack
TpeME

thermal capacitance of the
electrolyser

total emerging waste heat powerpro-
duced inside the electrolyser

total heat loss due to natural convec-
tion and radiation

heat extracted from the stack by the
cooling system

emerging waste heat inside one elec-
trolyser cell

number of electrolyser cells

cell voltage of the electrolyser
reversible voltage of the electrolyser
cell current of the electrolyser

heat transfer coefficient between the
air and the stack surface area
lateral surface of the electrolyser
ambient temperature

massmass of the electrolyser stack

specific heat of the electrolyser stack
electrolyser stack temperature

Heat pump

Wyp

Qremaining

copr

energy demand of the heat pump
remaining energy demand covered
by the heat pump

Coefficient of Performance
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